Strains of Caulobacter crescentus express a paracrystalline surface layer (S-layer) consisting of the protein RsaA. Mutants of C. crescentus NA1000 and CB2, isolated for their ability to grow in the absence of calcium ions, uniformly no longer had the S-layer attached to the cell surface. However, RsaA was still produced, and when colonies grown on calcium-sufficient medium were examined, large two-dimensional arrays of S-layer were found intermixed with the cells. Such arrays were not found in calcium-deficient medium even when high levels of magnesium ions were provided. The arrays could be disrupted with divalent ion chelators and more readily with the calcium-selective ethylene glycol-bis(P-aminoethyl ether)NNN',N'-tetraacetic acid (EGTA).
Surface layers (S-layers) are a common feature on the surface of eubacteria and archaebacteria (34) . The structures are generally composed of repeated units of a single protein or glycoprotein (44) . It is likely that in many bacteria the layer is the outermost layer, directly exposed to the environment (44) . In such a position, S-layers may well have roles of protection for the cell or be involved with pathogenesis in the case of pathogenic bacteria (34) . Many aspects of this general bacterial structure were summarized in a recent international meeting devoted to such structures (5) .
Most often, S-layer proteins are assembled on (rather than within) the underlying layer, whether it is a bilayer membrane or a complex of peptidoglycan or pseudomurein (34) . Thus, S-layer structural subunits are secreted proteins and must retain both their form and their function while exposed to the external environment. It follows then that to be formed into a geometric S-layer, aside from functional roles, the protein subunits must be capable of secretion, self-assembly with adjacent subunits, and attachment to the underlying cell surface.
The S-layer of Caulobacter crescentus NA1000 is composed of the protein RsaA (18) ; a similar or identical protein is found in the related strain CB2. The caulobacter S-layer has been analyzed by electron microscopy and three-dimensional image reconstruction to a resolution of 2 nm (47) . The repeat unit consists of a hexagonal core that is relatively widely spaced (22-nm interval) , creating an open pore of 2.5 to 3.5 nm (47) . The molecular details of export, self-assembly, and attachment for RsaA are being defined (7, 47, 55) .
The present report describes an investigation into the means of attachment of the S-layer to the cell surface, taking the first steps to define the outer membrane components involved with the interaction. The approach is an investigation of calciumindependent caulobacter mutants. Species of caulobacters are among the few bacteria that have a requirement for calcium (53, 54a) . Poindexter (38) was the first to notice that under conditions of calcium deprivation, mutants which no longer needed calcium could be selected, and in her studies a high proportion no longer assembled an S-layer, although unassembled RsaA accumulated in liquid cultures. This suggested that whatever alteration relieves the lethal effects of calcium deprivation somehow affects S-layer attachment and selfassembly.
In previous studies, some consequences of the S-layer shedding phenotype have been characterized (47) . The shed RsaA protein crystallizes within colonies to produce large stacks of S-layer sheets (which often accumulate at the surface of a colony), and each sheet is composed of a mirror image double layer of the protein. We reported in a preliminary fashion (55) that an oligosaccharide was associated with S-layer attachment (and hence was termed the S-layer-associated oligosaccharide [SAO] ) and that this molecule had counterparts in many other S-layer-producing caulobacter strains, on the basis of immunological similarity and staining characteristics (55) .
In the present study, we investigated the calcium-independent phenotype in detail and noted that under appropriate selection conditions, all resulting calcium-independent mutants have lost the ability to attach the S-layer and that the defect lies not with the S-layer but with the SAO molecule. We then undertook an initial characterization of the composition of that molecule. Because it was found to be a smooth lipopolysaccharide (LPS) species, we have renamed it SLPS and will refer to it as such in this report.
(Preliminary accounts of some aspects of the work described here were presented at the Third International Symposium on Bacterial S-layers, held at the University of Western Ontario in September 1992 [54] , and at the Canadian Society of Microbiologists/Society of Industrial Microbiology joint annual meeting, held in Toronto, Canada, August 1993 [53] .)
MATERIALS AND METHODS
Strains, plasmids, and growth conditions. Strains and plasmids are described in Table 1 . For normal growth and maintenance, C. crescentus strains were grown at 30'C in a peptoneyeast extract (PYE) medium (36) supplemented with CaCl2-2H20 to 0.01% and MgSO4 * 7H20 to 0.02%. For the isolation of rough LPS and extracellular polysaccharide (EPS), cultures were grown as described previously (41, 42) . JS1003 was grown in a fermentor as a 60-liter batch culture for isolation of SLPS.
Escherichia coli strains were grown at 370C in L broth (35) .
Solid media contained 1.2% agar. Antibiotics were added as necessary at 50 pLg/ml unless otherwise noted.
Isolation of calcium-independent mutants. C. crescentus NA1000 was grown in PYE medium and then subcultured to a calcium-deficient mineral salts medium, which was a modification of HiGG medium (37) . The medium (MjOHiGG) contained 5 mM imidazole-HCl (pH 7.0), 0.2 mM potassium phosphate, 0.05% ammonium chloride, 0.1% glucose, 0.1% sodium glutamate, and 1% Hutner's mineral salts supplement (11) , except that the Hutner's supplement was prepared without calcium chloride. Four to six days of incubation at 30'C was needed to develop turbid growth (whereas with calciumsufficient medium, growth occurred with overnight incubation). The cells were subcultured into the same medium and incubated for 2 more days. Cells were then plated at appropriate dilutions onto PYE and MjOHiGG solid media, solidified with nucleic acid electrophoresis-grade agarose (8 g/liter). Colonies that grew on MjOHiGG plates were examined for their S-layer characteristics and their ability to grow in the absence or presence of normal concentrations of calcium. From this group of mutants, JS1001 and JS1002 were selected for study.
Microscopy methods. To examine cells by negative-stain electron microscopy for the presence of S-layers, colonies were suspended in a 10-,ul droplet of water, or appropriate concentrations of EDTA or EGTA [ethylene glycol-bis(,3-aminoethyl ether)-N,N,N',N'-tetraacetic acid] in some experiments, on parafilm. A carbon-stabilized, Parlodion-coated 400-mesh copper grid was floated on top of the droplet for 10 to 15 s. The grid and associated drop were then dragged into a 10-,ul droplet of 2% ammonium molybdate (pH 7.5) and a 1-pA droplet of a bacitracin solution (1 mg/ml). After a mixing, excess liquid was wicked away with filter paper. Preparations were examined with a Siemens Elmiskop lOlA transmission electron microscope operated at 60 kV.
The method for labeling cells with specific antibody and protein A coupled to colloidal gold in preparation for wholemount microscopy has been described previously (45) . Colloidal gold was prepared as 5-nm-diameter particles by the phosphorus reduction method (49) . Antibody labeling of cells for fluorescence microscopy was done by standard indirect labeling methods, using rabbit primary antisera and fluorescein-conjugated anti-rabbit serum, raised in a goat. Preparations were examined with a Zeiss epi-illuminated fluorescence microscope.
Genetic constructions. The cloning of the wild-type S-layer gene in lambda phage has been described elsewhere (46) . The cloning of the analogous gene from the calcium-independent mutants JS1001, JS1002, and CB2NY66Rmgl was done similarly, except that lambda phage L47.1 (29) was used. Caulobacter chromosomal DNA was prepared by a complete HindIII digestion, and appropriate clones were detected by hybridization to the wild-type gene. The HindIII-BamHI segment containing the entire rsaA gene (18) was ultimately placed in the corresponding sites in the broad-host-range vector pKT230.
Work with cloned DNA segments, including restriction enzyme mapping, plasmid isolation, and Southern blot hybridization, was done by standard methods (31) . Plasmid constructions were introduced by transformation into E. coli and subsequently into caulobacters by conjugation (1) or by electroporation (19) . The insertion of specific fragments into plasmids, phage, or bacterial strains was confirmed, when appropriate, by colony or plaque hybridization techniques (31) . RsaA-mutants of C. crescentus JS1001 and JS1002 were constructed by a gene replacement strategy using an rsaA gene interrupted with a kanamycin resistance cartridge, as previously described for strain NA1000 (16 (55) . Cell material was solubilized in sample buffer at room temperature instead of 100°C because little or no RsaA protein will enter the gel if it is heated to 100°C (46) . Antibody to RsaA was prepared by immunizing a rabbit with a crude inclusion body preparation from E. coli cells expressing RsaA. Strain K12AHATrp, containing pLC28-A19, was grown at 40°C to induce the expression of RsaA. Cells were harvested by centrifugation (12,000 X g for 10 min), and the cell pellet was suspended in a small amount of water. The cells were disrupted by sonication, and membranes and inclusion bodies (presumably consisting of RsaA [18] ) were obtained by centrifugation for 1 h at 100,000 X g. After this preparation was combined with an equal quantity of Freund's incomplete adjuvant, a rabbit was immunized with an initial injection and subsequent booster injections of the preparation at days 21, 28, and 35. Serum was collected and processed as described previously (55) .
When polysaccharides were examined by SDS-PAGE, sam-ples were prepared as described previously (55) Gas-liquid chromatography was performed on a SE 54 capillary column with the following temperature program: 180°C for 1 min, a 5°C rise per min to 220°C, and a 10°C rise per min to 250°C. Gas chromatography-mass spectrometry (GC-MS) was performed on a DB-5 capillary column programmed at 180°C for 1 min with a 5°C rise per min to 250°C.
Electron impact ionization was performed at 70 eV. Chemical ionization was performed with ammonia gas.
RESULTS
Isolation of calcium-independent mutant caulobacters. When cells in colonies were directly examined by negativestain electron microscopy, as for the liquid-medium-grown cells, there was no visible S-layer on cell surfaces. In the calcium-sufficient PYE medium, however, large patches of S-layer were found adjacent to the cells (Fig. 1) . These patches were readily found (i.e., most fields containing cells also contained an S-layer patch of some size), and typical patches showed good order (as judged by optical diffraction patterns) over large distances (47) . Commonly, the patches were larger than could be accommodated on the surface of a single cell, suggesting that the patches did not slough off cells but were the result of self-assembly of RsaA away from the cell surface. Unlike S-layer preparations from wild-type cells, isolated by differential centrifugation or viewed in colonies, the array structure did not contain the amorphous structures (presumed to be outer membrane material) that usually occupy the spaces between many of the repeat units (47, 48) . In a preliminary study of these S-layer patches, two-dimensional image analysis indicated that they were composed of a mirror image double layer of S-layer protein (47) .
Role of calcium in S-layer assembly in the calcium-independent mutants. In comparison with the S-layer sheet formation of the calcium-independent mutants on calcium-sufficient solid medium, direct examination of colonies grown on calciumdeficient (M1oHiGG) solid medium showed no indication of an S-layer. This finding suggested that calcium was involved with the S-layer assembly process, in addition to whatever role it may have in surface attachment. To further examine that possibility, strains JS1001 and JS1002 were grown on PYE solid medium and colonies were suspended in increasing concentrations of EDTA (a divalent cation chelator) or EGTA (a chelator more selective for calcium) and examined by negative-stain electron microscopy. For EGTA, a 600 jiM (or lower) concentration had no visible effect on the integrity of the S-layer patches produced by JS1001 or JS1002, yet 800 jiM (and greater concentrations) completely obliterated all traces of S-layer patches. In contrast, EDTA had no effect at 1 mM and only at 10 mM was loss of the S-layer patches observed.
We also restored calcium to the M1OHiGG solid medium to test whether the loss of S-layer sheet formation was specifically related to the absence of calcium and not some other consequence of the shift from PYE to minimal medium; added calcium restored sheet formation for both JS1001 and JS1002. Magnesium ions did not substitute for calcium. Magnesium was present at 2.2 mM in M1OHiGG, and in some experiments we increased the magnesium levels to 7.2 mM; in no case were sheets found. We conclude that calcium was specifically involved with the assembly and maintenance of the S-layer patches.
Experiments with cloned S-layer genes. Negative-stain electron microscopy, immunoelectron microscopy, and immunofluorescence microscopy (using anti-RsaA serum) were used to assess the degree of S-layer expression on wild-type and mutant cells and mutant cells expressing cloned S-layer genes. Wild-type S-layer-producing strains NA1000 and CB2NY66R showed an S-layer on the cell surface, and S-layer sheets were not observed in colonies grown on calcium-sufficient medium. S-layer-negative mutants CB2A, JS1003, JS1004, and JS1005 showed no evidence of S-layer by microscopy. CB2A and JS1003 expressing the wild-type rsaA gene or any rsaA gene from calcium-independent mutant JS1001, 1002, or CB2NY 66Rmgl cloned into pKT230 showed the wild-type S-layer phenotype. In all cases, the S-layer was surface attached and S-layer sheets were not observed in colonies. Expression of the wild-type S-layer gene in JS1004 or JS1005 resulted in the shedding phenotype. These data indicated that mutations resulting in the shedding phenotype of these calcium-indepen- Western blot analysis corroborated the microscopy observations (Fig. 2) . S-layer shedders were differentiated from wildtype strains in that RsaA could be detected on Western blots only when shedder cells were scraped off plate cultures (Fig. 2,  lanes 7, 9, 14, 21, and 25 ). Western blots of washed liquidgrown shedding strains were negative for RsaA (Fig. 2, lanes 6,  13, 22, and 24) . Western blots of plate-grown strains in which the chromosomal S-layer gene had been deleted or which were spontaneous S-layer-negative mutants were RsaA negative (Fig. 2, lanes 3 and 16) . Washed liquid-medium-grown strains that were S-layer negative but attachment competent produced S-layer when any cloned rsaA gene, including those from shedder strains, was expressed in pKT230 (Fig. 2, lanes 4, 5, 12 , and 17 to 20). When rsaA cloned from a wild-type strain was expressed in a shedder background, the shedder phenotype persisted (Fig. 2, lanes 4 and 13) .
Analysis of surface polysaccharides. In an effort to identify a surface molecule(s) responsible for S-layer attachment that was altered in the calcium-independent mutants, we investigated the rough LPS and capsular polysaccharide of JS1002. The monosaccharide compositions for each class of polysaccharide in the wild type and in the mutant strain did not differ, nor was there a detectable difference in the mobility of rough LPS on SDS-PAGE gels for JS1001 or JS1002 (data not shown).
During the isolation of rough LPS by a modification (42) of the Darveau and Hancock procedure (12), we occasionally detected an additional polysaccharide-containing molecule that migrated more slowly than LPS on SDS-PAGE (Fig. 3A) . This band (SLPS) did not stain with the silver stain procedure for LPS (50) but qid when the more general Bio-Rad silver stain kit was used. Although the method revealed both the rough LPS and the SLPS, its sensitivity towards the rough LPS was fivefold less than that of the method of Tsai and Frasch (50) (not shown). When SLPS-contaminated rough-LPS preparations were examined by Western blot analysis using anti-SLPS antibody, the SLPS band was specifically labeled (Fig.  3B) . Anti-SLPS demonstrated no reactivity with the rough LPS. In subsequent experiments which led to the SLPS isolation procedure described in Materials and Methods, we learned that SLPS represented a considerable fraction of membrane polysaccharides; upon examination of the steps in the rough-LPS isolation procedure, by immunoblotting, it was found that the SLPS remained in the supernatant following the cold ethanol-Mg2+ precipitation of polysaccharides by the Darveau and Hancock procedure (12) (data not shown).
The rapid LPS analysis method of Hitchcock and Brown (22) initially did not demonstrate the presence of SLPS along with rough LPS (42) . A modification of the procedure along with an extended oxidation time in the Tsai and Frasch (50) staining process did reveal SLPS (55) . This modified procedure was used to examine the caulobacter strains used in this study (Fig. 4A) . S-layer attachment-proficient strains contained this additional polysaccharide (Fig. 4, lanes 1, 4, 5, and 6) ; however, a comparable band was not detected in the S-layer attachmentdeficient strains JS1001 and JS1002 (Fig. 4, lanes 2 and 3) . Although the modified procedure revealed the SLPS, increased sample loadings compared with what is normally used to detect LPS were required (note the overloading of the rough LPS), and the SLPS was stained less intensely than the rough LPS. Western blotting of these preparations with anti-SLPS serum showed that the SLPS of all strains producing the polysaccharide reacted with the antiserum (Fig. 4B) 5 ) and immunofluorescence microscopy (not shown) with anti-SLPS serum showed that the entire cell surface of S-layer-negative but attachmentcompetent strains (CB2A and JS1003) was labeled, whereas S-layer-positive and attachment-competent strains (NA1000 and CB2NY66R) were unlabeled, indicating that the assembled S-layer prevents access of the antiserum to SLPS.
Purification and chemical analysis of SLPS. Purification of the SLPS was accomplished by preparative SDS-PAGE and electroelution (Fig. 6) . Reelectrophoresis of the purified SLPS did not alter its electrophoretic mobility, indicating that the band did not result from aggregates of rough LPS (21) . Colorimetric analysis revealed that the purified SLPS contained (per milligram [dry weight]) 25 jig of KDO, 454 pg of carbohydrate (detectable by the phenol-sulfuric acid assay), and 1 ,ug of phosphate. On a molar basis, the KDO-phosphate ratio was 3:1, the same as that found in the rough LPS (42) .
GC-MS of the purified SLPS showed that the major lipid was 3-OH-dodecanoate, the same lipid found in caulobacter rough LPS. Moreover, low levels of mannose, galactose, glucose, and heptose were noted (Table 2) ; these sugars are also present in the core region of caulobacter rough LPS. In addition, three carbohydrate peaks were observed at a retention time earlier than that of arabinose (used as an internal standard) ( Table 2) . GC-MS of the first peak unambiguously identified it as glycerol (not shown). The second and third carbohydrate peaks were observed in high percentages when methanolyzed, reduced with sodium borodeuteride, and thereafter hydrolyzed with TFA (hydrolytic condition E). These two sugars are referred to as peaks I and II in Table 2 C, and D), we found a gradual increase in both peaks I and II, but the percentage of peak II was far below that of peak I under conditions B and C. The mass spectral fragmentation pattern for peak I (Fig. 7) indicated that it was either a 3-amino-5-deoxy pentitol or the methyl glycoside of 4,6-dideoxy-4-amino hexose. Peak II is thought to be a 4-amino-5-deoxy pentitol or the methyl glycoside of 3,6-dideoxy-3-amino hexose, since it has the same molecular mass as peak 1 but a different fragmentation pattern (Fig. 8) . In both of these spectra, in chemical ionization mode but not in electron impact mode, an ion peak appears at an mie of 272, which corresponds to loss of a methoxy group from the molecular ion; this result favors the assignments of methyl glycosides rather than the pentitols. Since methanolysis and reduction did not show any change in the retention time or mass spectral fragmentation patterns, we concluded that there are no carboxyl groups within the sugars. Thus, we predict the presence of 6-deoxyaminodeoxyhexose, with a likelihood of equal proportions of 3-amino and 4-amino versions. Taken as a whole, the chemical studies of purified SLPS support the contention that it is a smooth LPS species with glycerol and a relatively unusual set of hexoses attached to the core region, all in equal proportions. This smooth species of LPS was relatively unusual in that it had a homogeneous size. SLPS could not be resolved into a cluster of bands as is often seen with other 0 antigens of homogeneous lengths (10, 13) . Using a variety of acrylamide concentrations and a number of gel protocols, we detected no heterogeneity in this region.
DISCUSSION
For C. crescentus, growth without calcium apparently required a mutation event that consistently resulted in the loss of the SLPS molecule. The attendant phenotype was that production of RsaA continued and the RsaA could crystallize into an S-layer (if calcium was available) but did not attach to the cell surface. Since no other alterations of the surface were detectable and since it was demonstrated in these mutants that the shedding phenotype could not be ascribed to a change in RsaA protein, we conclude that SLPS is a necessary surface component for the attachment of the S-layer. Because growth and viability in the absence of calcium are possible only in the absence of SLPS and because the presence of SLPS has no effect on viability as long as calcium is available (whether or not RsaA is present [46] ), the simplest explanation is that calcium binds to SLPS and neutralizes an inhibitory effect of SLPS. The effect may be a destabilization of the outer membrane. In addition, we have recently found that some other ions are able to substitute for calcium to allow viability of SLPS-producing strains, although growth is slower and there is evidence of membrane instability (53, 54b) . Other, more circuitous explanations for the effect could be made, however, and a resolution of this issue will require direct evidence of calcium binding.
Treatments that disrupt calcium-mediated interactions (lowpH or EGTA treatments) have the effect of removing the S-layer from the surface (55) . Taken together with the other findings, a reasonable hypothesis is that the S-layer is attached to the surface via binding to the SLPS molecule that is mediated (bridged) by calcium ions. In such a scenario, in the absence of SLPS the RsaA proteins might well be able to crystallize into a double layer, using the calcium-binding contact points of the crystallized RsaA and the divalent character of calcium to accomplish this. That is, another mirror image of S-layer, in perfect register, substitutes for the outer membrane as an attachment surface during S-layer assembly and the size of the two-dimensional crystals could be limited only by RsaA availability. Image analysis has shown that such a double S-layer is formed in the shedding mutants, and thin-section analysis of colonies producing shed protein demonstrates large, extensive sheets of S-layer (47) . Figure 9 restates the hypothesis in a diagrammatic manner.
The (9) . Glycerol is an uncommon component in 0 antigens, especially at the levels noted here. Equal mass ratios of the two hexoses and glycerol suggest that the number of glycerol molecules is the same as the number of hexoses and allows us to entertain the possibility that the 0 antigen is a polymer with alternating hexose and glycerol; we are investigating that possibility.
SLPS length appeared to be precisely determined by the bacterium; it could not be resolved into even the discrete cluster of bands shown for other 0 antigens of homogeneous lengths (10, 13) . The presence of more than one 0-antigen sugar and the fact that the dideoxyamino hexoses represented a large fraction of the total polysaccharide composition suggest a subunit structure with multiple repeats. If so, there must be a precise method of controlling 0-antigen size. This could not be the result of the presence of the S-layer providing a physical limit on SLPS size; RsaA-negative mutants also demonstrated the uniform-size SLPS.
S-layer surface attachment for other gram-negative S-layerproducing bacteria has been examined in only a few cases. For Aeromonas salmonicida (4) and Aeromonas hydrophila (14) , alteration in the attachment of S-layer to the cell surface is correlated with defects in the LPS. WithA. salmonicida strains, the inability to produce a homogeneous-chain-length smooth LPS results in an attachment-defective phenotype. Wild-type A. hydrophila strains also produced a homogeneous-length O-polysaccharide, but mutants that generated only a core LPS could still maintain the S-layer. Mutants producing a deep rough LPS, however, were found to be S-layer attachment defective (14) . In both species, the 0 antigen extended past the S-layer and was exposed to the environment (10, 13) , in contrast to our findings with C. crescentus. A similar correlation of homogeneous-length 0 antigens and the production of an S-layer has been suggested also for strains of Aeromonas schubertii (27) . Thus, in some ways the findings for Aeromonas species are comparable to those for C. crescentus.
Calcium limitation and the effect on S-layer have been studied in Spinillum putridiconchylium (6), Aquaspinillum serpens VHA (28) , Azotobacter vinelandii (15) , and Aeromonas salmonicida (17) . In these studies, calcium limitation still allowed cell growth but did result in an altered outer membrane on which, with the exception of Aeromonas salmonicida (17), the S-layer was unable to form a crystalline array. In Azotobacter vinelandii (15), the S-layer protein remained attached to the cell surface under calcium limitation, whereas in Aquaspinillum serpens VHA (28) the S-layer protein was secreted into the growth medium. In the case of Aeromonas salmonicida (17) , calcium limitation resulted in an alteration of the S-layer pattern. These studies indicate that in several cases calcium has a role in crystallization and/or attachment of the S-layer to the cell surface and suggest a degree of similarity or conservation of structural principles between these S-layers. Within the S-layer-producing caulobacters, the relationship between the S-layer and a specific species of LPS suggested here may be a common theme. In a survey of caulobacters, it was noted that isolates that possessed an S-layer also produced an SLPS-like molecule with comparable staining characteristics and immunological cross-reactivity (55) .
To sum up the issues surrounding S-layer attachment for C. crescentus, all current evidence is consistent with the model presented. The model is nevertheless speculative since several aspects require direct demonstration for the model to remain valid. Chief among these is a direct demonstration that calcium does in fact bind to SLPS and, in turn, to the assembled RsaA protein. Detailed analysis of the SLPS repeat structure is also needed; at the moment, it is not apparent to us how specific binding of calcium could be effected by a polymer composed largely of neutral sugars or how such a polymer, composed of unusual, but not unique, hexoses and glycerol could lethally destabilize the outer membrane in the absence of specific ions.
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